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ABSTRACT: The pentiptycene receptors form edge-to-face complexes with a variety of aromatic guests
including nitroaromatics. X-ray diﬀractometry revealed that compounds 1, 2, and 3 form host−guest
assemblies with a thienyl fragment (from a neightboring molecule of 1), benzene and nitrobenzene,
respectively. X-ray studies of the three crystal structures reported here strongly suggest the edge-to-face to
be a predominant binding mode between the aromatic guests and electron-rich faces of the pentiptycene
aromatic cavity.

■

INTRODUCTION
Iptycene and pentiptycene derivatives have attracted signiﬁcant
attention in supramolecular chemistry in the past few decades.1
Their appeal is largely due to their rigid framework constraining
the aromatic groups between the bridgehead-carbons at an
angle close to 120° as well as the presence of well-deﬁned
cavities. This results in propensity to leave voids and pores in
the solid state structure. Such voids may be occupied by guest
molecules that can be used to control the supramolecular
architecture of the crystal, thereby providing an eﬃcient tool
for crystal engineering.
Iptycenes have been used in high-performance polymers
endowed with semiconducting and luminescence properties.2a,b
Notable examples are signal amplifying poly(phenylene
ethynylene) (PPE) pentiptycene polymers by Swager, which
were successfully employed as sensors for explosives, for
example, in the commercial Fido sensors (Nomadics, Inc.)2c−e
Pentiptycene scaﬀolds substituted with crown ether macrocycles have been shown to bind electron-deﬁcient aromatic
molecules such as alkylviologens3a and cyclobis(paraquat-pphenylene).3b−d The pentiptycene moiety provides an electronrich cavity accommodating electron-poor guest molecules
bound via π-stacking interactions, as shown by X-ray structures
and 1H NMR experiments.3 An extended tweezer-like shaped
pentiptycene showed aﬃnity toward C60,4a presumably due to
the favorable interaction between the electron-rich aromatic
cavity and the eletron-poor polyene-like surface of the
fullerene.4b
Recently, we reported the sensing of nitroaromatic explosives
(2,4-DNT, TNT) by small-molecule, pentiptycene-based,
ﬂuorescent sensors embedded in polymer ﬁlms5 and highsurface nanoﬁbre mats.6 In our previous studies the synthetic
protocols, eﬃciency of the sensing mechanism, and potential
advantages for the sensing of explosives were discussed. Also,
© 2012 American Chemical Society

the signal transduction corresponding to an observable change
of the ﬂuorescence signal of the sensor was ascribed to
photoinduced electron transfer (PET) between the high-energy
excited state of the pentiptycene derivatives and the low-energy
lowest unoccupied molecular orbital (LUMO) of the nitroaromatic analytes.6 The eﬃciency of the PET process implies
that the receptor and analyte are in close vicinity. In solution
the ﬂuorescence quenching appears to be due to simultaneous
static- (PET) and collisional-quenching (nonradiative relaxation due to intermolecular collisions).7 In the solid state
(polymer matrices) the PET process increases in importance
and the nitroaromatics quench the sensor ﬂuorescence
eﬃciently even at low analyte concentrations.5,6
In this study we report on the results of a structural analysis
of three single crystals obtained with receptors 1, 2, and 3
(Figure 1) in the presence of aromatic guests. The aim of this
work was to gain more detailed understanding of the
interactions between iptycenes and their aromatic guests.

■

EXPERIMENTAL SECTION

Compounds 1, 2, and 3 were synthesized as previously reported5,6 by
cycloaddition of the corresponding arynes to anthracene.8
X-ray Experimental. Single crystals of 1 suitable for X-ray
diﬀractometry were obtained by slow evaporation of a CH2Cl2
solution of 1. Single crystals of 2·4C6H6 and 3·2C6H5NO2 were
obtained by slow evaporation of 2 in benzene and 3 in nitrobenzene.
Preliminary partially reﬁned structures showing 2·4C6H6 and
3·2C6H5NO2 are also presented in our study focused on TNT
sensing.6 All diﬀraction data were acquired at 153 K on a Nonius
Kappa CCD instrument using an Oxford Cryostream low temperature
device. The instrument uses a graphite-monochromatized MoKα (λ =
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The crystal structure of 1 shows that the thienyl rings are
almost perpendicular to the plane of the pentiptycene with a
torsional angle φ = 87.9°, both thienyl rings are symmetryequivalent through an inversion center. The aromatic rings of 1
deﬁne planes that form symmetrically equivalent angles (δ =
117.24°, ε = 121.05°, ζ = 121.71°; the planes used for this
calculation are deﬁned as the best plane that comprises the six
carbon atoms pertinent to each of the benzene fragments), as
shown in Figure 2 (bottom panel). Those angles deviate only
slightly from the theoretical 120° and this diﬀerence may be
due to the presence of an included guest.
Quite surprisingly, two molecules of 1 were found to interact
in the crystal lattice. The thienyl ring of the second molecule is
included into the cavity of the ﬁrst pentiptycene whereby the
thienyl fragment sits in the concave aromatic surface with
hydrogen atoms oriented to face the π-clouds of the aromatic
moieties of the pentiptycene (Figure 3). The plane of the
thienyl ring is inclined at about 70° with respect to the plane of
the pentiptycene. Relevant distances are shown in Table 2. It
can be easily shown that the thiophene fragment established an
interaction with the pentiptycene receptor and not a mere
contact inclusion. The measured centroid···H distances (range:
2.658−2.751 Å) reported in Table 2 reveal the existence of
interactions in the host−guest complex. Those distances are
considerably shorter compared to the sum of the van der Waals
radii relative to hydrogen (1.20 Å) and the extent of the
benzene electron density (1.7−1.8 Å),17 the minimum contact
distance being 2.9−3.0 Å. Contacts shorter than the sum of the
van der Waals radii accounts for the existence of an edge-to-face
interaction.
Long-Range Features in 1. The long-range crystal
structure of 1 shows interesting features. Along the c axis the

Figure 1. The structures of receptors 1, 2, and 3.
0.71075 Å) wavelength. Data reduction was performed using DENZO
and Scalepack.9 The structures were solved by direct methods using
SIR9710 and reﬁned by full-matrix least-squares on F211 with
anisotropic displacement parameters for all non-H atoms assigned
using SHELXL-97.12 2·4C6H6 was found to be twinned. The twin
law13 was determined using TwinRotMat14 as found in PLATON9814
incorporated in WinGX.15 Details of crystal data, data collection, and
structure reﬁnement are listed in Table 1.

■

RESULTS AND DISCUSSION
Compound 1. Compound 1 (Figure 2) crystallizes in the
trigonal system, and each unit cell contains nine molecules.
One of the thiophene rings is disordered by rotation around the
bond connecting the ring to the remainder of the molecule.16

Table 1. Crystal Data and Collection Parameters

formula
formula weight
crystal system
radiation type
wavelength (Å)
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
T (K)
space group
Z
μ (mm−1)
theta range (°)
reﬂns collected
independent reﬂ
R1 (I > 2σ(I))
wR(F2) (I > 2σ(I))
R1 (all data)
wR(F2) (all data)
GOF on F2
Δrmax, Δrmin /e Å−3
Δr (rms) /e Å−3

1

2·4C6H6

3·2C6H5NO2

C42H26S2
591.74
trigonal
MoKα
0.71075
25.183(1)
25.183(1)
13.230(1)
90.00
90.00
120.00
7266.2(7)
153(2)
R3̅
9
0.363
0.998−27.49
3701
3701
0.0591
0.1445
0.1169
0.1586
1.120
0.299, −0.464
0.059

C50H30S4·4C6H6
1071.41
triclinic
MoKα
0.71075
13.3310(10)
15.4300(10)
15.7140(10)
116.148(3)
89.981(3)
91.659(2)
2900.0(3)
153(2)
P1̅
2
0.208
0.973−25.00
9938
9939
0.0961
0.1741
0.3355
0.2434
1.007
0.773, −0.568
0.109

C50H30S2·2C6H5NO2
941.08
triclinic
MoKα
0.71075
11.9483(3)
13.1865(3)
17.0077(4)
110.779(1)
101.548(1)
102.815(2)
2325.86(10)
153(2)
P1̅
2
0.169
0.984−27.49
19243
10529
0.0566
0.1049
0.1376
0.1297
1.007
0.271, −0.342
0.056
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Table 2. Selected Distances in 1
d [Å]
c2a···Tha
c1a···Tha
c3a···Tha
c2···H3
c1···H2
c3···H1
c2···C3
c1···C2
c3···C1

4.759
4.832
4.820
2.734
2.751
2.658
3.601
3.655
3.581

a

c1, c2, c3 represent the centroids calculated for the aromatic rings of
receptor 1, as shown in Figure 3; Th represents the centroid calculated
for the thienyl fragment.

hydrogens located in the inner rim), which is too short to allow
other molecules to be included in the pores without distorting
the crystal lattice.
2·4C6H6. Compound 2 crystallizes in the triclinic system;
however, the crystal has been found to be twinned.13 As shown
in Figure 4, the terminal thiophene units are disordered by
rotation about the bond forming the bithiophene moieties.18
The asymmetric unit contains two halves of diﬀerent
molecules, which reside on the inversion centers of the unit
cell. The remainder of the molecules are shared between
adjacent unit cells. In total, four half-molecules are present in
the unit cell. Only one of the four benzene molecules interacts
with the pentiptycene cavity (the 2-to-benzene ratio is 1:4).
Selected distances are reported in Table 3. The angles formed
by the planes that include the thiophene rings and the plane
deﬁned by the pentiptycene receptor 2 diﬀer from 90° (φ1 =
74.1°, φ2 = 178.2°). This deviation is presumably due to the
higher degree of freedom of bis(thienyl) substituents, as well as
to the packing of the molecules in the lattice. The angles
formed between the planes of pentiptycene 2 are close to the
predicted 120° value, being δ = 120.18°, ε = 121.58°, and ζ =
118.24° (angles were calculated as speciﬁed above for 1). Those
angles are symmetry-equivalent through an inversion center in
the central plane of 2. The included benzene molecule sits in
the cavity with an angle of 87.59° (Figure 5); the relevant
centroid···centroid and centroid···atom distances are reported
in Table 3 (left columns). The distance d(c2···H6BA) = 2.865
Å is considerably shorter than the sum of the van der Waals
radii of hydrogen and aromatic carbon atoms18 suggesting a
close interaction between the benzene guest and receptor 2.
Long-Range Features in 2·4C6H6. The long-range lattice
structure of the title compound features a repetitive pattern of
alternating layers of pentiptycene molecules and benzene
molecules (Figure S5). Here, the long-range features in
2·4C6H6 are due to the interaction of the bithienyl unit with
the aromatic cavities formed on the side of the pentiptycene.
We found that the bithienyl unit in 2 is in close proximity to a
second molecule of the receptor. The distances between the
thienyl fragments and the aromatic cleft of the iptycene (3.35−
3.48 Å) suggest the existence of a π-stacking interaction. This
interaction may be responsible for the alternating layered
arrangement of 2 and the benzene guests in the crystalline state.
A recent example of edge-to-face and π-stacking interaction
with the side-cavities of pentiptycenes was reported by GarciaGaribay and co-workers.19
3·2C6H5NO2. Compound 3 (Figure 6) crystallizes in the
triclinic system. Two molecules of nitrobenzene have been

Figure 2. ORTEP representation of the structure of 1 (top panel) and
lateral view (bottom panel). Angles between the thienyl unit and the
central plane of 1, as well as the angles between the aromatic planes of
the pentiptycene are highlighted. Thermal ellipsoids are represented at
the 50% probability level.

Figure 3. ORTEP representation of the structure of 1 showing the
thienyl fragment included in the pentiptycene cavity. Atom labeling
and centroids (red spheres) are shown to explain the distances listed in
Table 2. Thienyl substituents on the host iptycene were removed for
clarity. Thermal ellipsoids are represented at the 50% probability level.

crystal lattice displays a repetitive pattern of large pores formed
by three diﬀerent molecules of 1 arranged around the center of
the pore in a triangular fashion. The length of the pore is
generated by the 3-fold rotoinversion axis (Figure S4). The
hollow structure thus generated has a minumum diameter of
2.0 Å (calculated from the van der Waals surface of the
6106
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Figure 5. ORTEP representation of the structure of 2·4C6H6, showing
only one of the included benzene molecules. Atom labeling and
centroids (red spheres) are shown for the relevant distances listed in
Table 3. The two bis(thienyl) substituents on the iptycene host were
removed for clarity. Thermal ellipsoids are represented at the 50%
probability level.

Figure 4. ORTEP representation of the structure of 2·4C6H6 (top
panel) and lateral view (bottom panel). Angles between the
bis(thienyl) units (φ1, pertinent to the ﬁrst thiophene fragment, φ2
for the terminal thienyl ring) and the central plane of 2, as well as the
angles between the aromatic planes of 2 are highlighted. Thermal
ellipsoids are represented at the 50% probability level.

Table 3. Selected Distances for Crystals 2·4C6H6 and
3·2C6H5NO2
2·4C6H6

d [Å]

3·2C6H5NO2

d [Å]

c2a···Pha
c1a···Pha
c3a···Pha
c2···H5BA
c2···H6BA
c1···H1BA
c1···H6BA
c3···H1BA
c3···H2BA
c2···C5B
c2···C6B
c1···C1B
c1···C6B
c3···C1B
c3···C2B

4.793
5.094
4.865
3.636
2.865
3.153
3.441
3.169
3.459
3.998
3.598
3.908
4.040
3.803
3.925

c2a···NBa
c1a···NBa
c3a···NBa
c2···H4BA
c2···H5BA
c1···H3BA
c1···H4BA
c3···H2BA
c3···H3BA
c2···C4B
c2···C5B
c1···C3B
c1···C4B
c3···C2B
c3···C3B

4.757
4.804
4.770
2.911
3.416
3.051
3.605
2.810
3.303
3.605
3.856
3.699
3.982
3.558
3.806

Figure 6. ORTEP representation of the structure of 3·2C6H5NO2 (top
panel) and lateral view (bottom panel). Angles between the
benzothiophene unit and the central plane of 3, as well as the angles
between the aromatic planes of the pentiptycene are highlighted.
Thermal ellipsoids are represented at the 50% probability level.

a

c1, c2, c3 represent the centroids calculated for the three aromatic
ring-fragments of the pentiptycene receptors 2 and 3; Ph and NB
represent the centroids calculated for the benzene guest and the
nitrobenzene guest, respectively.

found in the unit cell per each molecule of the pentiptycene.
There are two half-molecules of 3 in the asymmetric unit. Both
6107
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case of compounds 2 and 3 the guest molecules are benzene
and nitrobenzene, respectively, and are also included in the
pentiptycene cavity. None of the three investigated structures
shows π-stacked complexes of the aromatic guest. Conversely,
the maximization of the host−guest interactions is achieved
through multipoint interactions between the hydrogens of the
guest molecules and the π-cloud of the host molecules in an
arrangement best described as an edge-to-face (or T-shaped)
stacking.21 A trend in the strength of the interaction can be
drawn from the measurements of the distances between the
centroids of the guest and the centroids of the iptycene
aromatic rings. Thus, for example, the nitrobenzene guest
molecule in 3·2C6H5NO2 has considerably shorter distances
(0.05−0.20 Å) from the receptor walls than the benzene
molecule in 2·4C6H6. This diﬀerence could be ascribed to the
diﬀerent electronic nature of the two aromatic guests; the
increased acidity of the hydrogens of the electron-poor
nitrobenzene is likely contributing to a more stable complex
as suggested by a tighter complex between 3 and the
nitrobenzene. However, it is not excluded that the distances
between the host and the guest may be also aﬀected by the
diﬀerences in the packing of the crystals. In 2·4C6H6, four
molecules of benzene are present per each molecule of the
receptor, while in 3·2C6H5NO2 the host/guest ratio is 1:2. Such
diﬀerences in the number of guests may translate into subtle
diﬀerences in host−guest interactions.
Perhaps most importantly, this study provides a qualitative
structural insight into a binding mode of aromatic species
bound within the pentiptycene receptors and related materials
including the pentiptycene-comprising poly[phenylene
ethynylene]s,2c,d which were successfully employed in sensing
devices for explosives.2e The current data support the
hypothesis that the pentiptycene moiety serves as a recognition
site rather just to increase porosity of the sensor materials.2c,d
Furthermore, the structures reported here show a rather rare
example of T-shaped complexes between pentiptycenes and
aromatic guests1 and provide useful insight for the design of
related bowl-shaped receptor molecules and edge-to-face
interactions in the ﬁeld of crystal engineering and sensor
development.22

fragments reside around the crystallographic inversion centers,
and the remainder of the molecules are shared between the
adjacent cells. A total of four half-molecules are present in the
unit cell. Both benzothiophene moieties are disordered in such
a way that the sulfur atom appears on both sides of the
benzothiophene fragments.20
Two nitrobenzene molecules are present in the unit cell per
each molecule of the pentiptycene (3-to-nitrobenzene ratio is
1:2). Only one of the two nitrobenzene molecules interacts
with the electron-rich cavity. Relevant distances are reported in
Table 3.
The angle formed by the central plane of the pentiptycene 3
and the benzothiophene fragments is φ = 86.1° (see Figure 6).
The angles deﬁned by the aromatic planes of 3 that constitute
the iptycene moiety are δ = 115.88°, ε = 121.39°, and ζ =
122.74° (the angles were calculated by using the best planes
that ﬁts the six carbon atoms pertinent to each of the benzene
fragments) and are symmetrically equivalent through the
crystallographic inversion center. Figure 6 shows that the δangle between the two planes deﬁned by the aromatic rings of
the pentiptycene is considerably smaller than in the previous
cases. This is presumably due to a stronger interaction with the
electron-poor aromatic nitrobenzene. The nitrobenzene is
placed in an inclined fashion inside the cavity, the angle
between the nitrobenzene plane and the iptycene is 65.2°. The
relevant centroid···centroid and centroid···atom distances are
reported in Table 3 (right column). At least two of the
measured distances, d(c3···H2BA) = 2.810 Å and d(c2···H4BA)
= 2.911 Å, are shorter than the corresponding van der Waals
contact distances,18 suggesting a close interaction between the
nitrobenzene guest and the pentiptycene receptor 3 (Figure 7).

■

CONCLUSIONS
In this work we present three solid state structures of
pentiptycene receptors. Notably, all three structures feature
an inclusion of aromatic rings in the pentiptycene cavity. In the
case of 1, a thienyl fragment of a neighboring molecule of 1 is
included in the electron rich cavity of the pentiptycene. In the
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C3, and C4, had a site occupancy factor of 80(2)%. The atoms of both
rings were reﬁned anisotropically while restraining their displacement
parameters to be approximately isotropic. The displacement
parameters of equivalent atoms of the rings, S1 and S1a, C1 and
C1a, etc., were constrained to be equal in the ﬁnal reﬁnement model.
(17) Bondi, A. J. Phys. Chem. 1964, 68, 441−451.
(18) The disorder was modelled in the same way for both thiophene
rings. The disorder was modelled by assigning the variable x to the site
occupancy for the atoms of one component consisting of atoms: S1,
C1, C2, and C3. The factor (1−x) was assigned to the atoms of the
alternate conformer consisting of atoms: S1f, C1f, C2f, and C3f. The
geometry of the two rings were restrained to be equivalent. A common
isotropic displacement parameter was reﬁned for all atoms. In this way,
the major component of the disorder, S1, C1, C2, C3, and C4, had a
site occupancy factor of 89(2)%. The site occupancy factor for the
major component of the disordered thiophene ring on the second
molecule also was found to be 89(2)%. The atoms of the major
component were reﬁned anisotropically. The atoms of the minor
component had isotropic displacement parameters ﬁxed to the values
determined while determining the variable x.
(19) Escalante-Sánchez, E.; Rodríguez-Molina, B.; Garcia-Garibay, M.
A. J. Org. Chem. 2012, 77, 7428−7434.
(20) The disorder was modelled by reﬁning the site occupancy
factors of the sulfur atom and a single carbon atom. The remaining
atoms of the benzothiophene portion of the molecule appeared
unaﬀected by the disorder. The disorder was modelled in the usual
way. The site occupancy factor for S1 and C2 of the ﬁrst disordered
molecule was assigned the variable x. The site occupancy for the
alternate orientation, S1a and C2c, were assigned to (1−x). A
common isotropic displacement parameter was reﬁned for all atoms.
In this way the site occupancy factor for the major component of the
disorder was reﬁned to 91(2)%. For the second disordered molecule,
the site occupancy for the major component of the disorder was
reﬁned to 62(2)%.
(21) Główka, M. L.; Martynowski, D.; Kozàowska, K. J. Mol. Struct.
1999, 474, 81−89.
(22) Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112,
5525−5534.
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